A reliable new method was developed for detecting neurofibrillary tangles, senile plaques, and neuropil threads in human neural tissue. Excellent morphological definition of the pathological structures was achieved with this procedure without staining normal neuronal and glial elements. The technique was applied to cortical tissue from eight patients with Alzheimer's disease and three controls. Histological sections from these cases were incubated in an avidin-biotin-peroxidase complex solution containing 0.5% nickel ammonium sulfate, followed by visualization in 3,3'-diaminobenzidine and HzOz. Although the avidin-biotin system is routinely used in immunohistochemistry, no antibodies were employed in the present procedure. This technique has advantages over silver impregnation methods because it re-cess. (J Histochem Cytochem 421383-1391, 1994) 
Introduction
Neurofibrillary tangles (NFTs), senile plaques (SPs), and neuropil threads (NTs) are the pathological hallmarks of Alzheimer's disease (AD). These neuropathological lesions have also been noted in other neurodegenerative diseases such as Parkinson's disease, supranuclear palsy, and Down's syndrome (11, 13, 14, 19, 21, 30) , as well as in patients with dementia pugilistica (22) and non-demented adult controls (15, 23) . Many methods for the visualization of "Is, SPs, and NTs, alone or in combination, are in common use. Silver impregnation techniques are among the most popular, and recent advances in this technology have greatly improved the specificity of staining (3, 7, 8, 32) . The silver methods have universal appeal (5) because reagents are readily available and can be applied to a range of tissue preparations. They may be capricious, however, with different degrees of staining in the hands of different technicians (24), and there are variations in the sensitivity of different silver techniques (26, 27, 29, 33) . Many research and diagnostic laboratories pre- quires very little monitoring of critical steps and yields superior results. The method is suitable for processing large numbers of tissue sections per staining run, and the results are highly reproducible. These features are advantageous in research studies comparing the distribution of lesions in large numbers of cases. The precise mechanism of staining has not been determined; however, conditions such as nickel concentrations, pH, and avidin-biotin-peroxidase complex concentrations were varied to examine critical steps in the profer the fluorescent stain thioflavin S for its specificity in visualizing AD-type pathology (26) . Unfortunately, this technique requires aggressive tissue processing for suppression of the autofluorescence characteristic of the brains of aged individuals, and maintenance of the fluorescent signal necessitates storage of stained histological sections at 4°C. The development of a battery of antibodies against antigens present in "Is, NTs, and SPs has contributed to the elucidation of the molecular profile of the structures. Unfortunately, comparison between studies using immunohistochemical methods remains complicated by the lack of universally available antibodies with consistent specificity, as well as the variability of immunohistochemical staining obtained after different post-mortem delays, tissue pre-treatments, fixations, and storage protocols.
A novel method for labeling NFTs, SPs, and NTs has been devised which addresses many of these difficulties. This technique, a nickel peroxidase (NIP) stain, uses an avidin-biotin-peroxidase complex (ABC) with high concentrations of nickel ammonium sulfate and 3,3'-diaminobenzidine tetrahydrochloride (DAB). Although the ABC system is commonly used in immunohistochemistry, no antibodies are used at any point in the procedure presented here. This new method produces clear, unequivocal staining of W, NTs, and several types (10) of SPs. However, no normal neuronal or glial elements are stained. Because of this exclusive staining of pathology, the Nip-stained sections may be complemented with a cell or myelin stain (e.g., acidic cresyl violet or lux01 fast blue). In addition, the NIP method is suitable for processing large numbers of tissue sections per staining run, and the results are highly reproducible.
The NiP stain was demonstrated in tissue sections from brains obtained post mortem from eight patients with AD and three controls. Staining of NFIS, NTs, and SPs was compared in NIP-and silver-stained sections. A number of control steps were added to determine possible mechanisms of binding. Fifty-pm sections were used in the present study to demonstrate the characteristic pathological structures of AD. These thick sections are well suited for the visualization and quantification of NFTs, SPs, and NTs and have been employed in a number of investigations of the staining characteristics and topography of AD neuropathology (4, 16, 26) . Because most diagnostic laboratories use 3-10-pm sections from paraffin-embedded tissue, the efficacy of the NiP method in paraffin sections was also tested.
Materials and Methods
Brain tissue from eight patients with AD, one with probable familial AD, and three non-demented controls (lible 1) was obtained post mortem. AD cases were diagnosed during life and the diagnosis confirmed post mortem using BielschowskylCongo red-stained cortical sections from paraffinembedded tissue. The controls were classified retrospectively on the basis of hospital and physician notes, and no neuropathological abnormalities were discovered at post-mortem examination of the brains. Written consent was obtained for hospital autopsies, and the study was approved by the Human Ethics Committee of the University of Sydney and the Royal Prince Alfred Hospital under the New South Wales Transplantation and Anatomy Act.
The brains were immersion-fixed in 15 % neutral buffered formalin for approximately 2-4 weeks. They were embedded in 3% agarose and sliced coronally at 3 mm on a rotary slicer. Blocks were taken and embedded in paraffin at this time for routine histology and diagnosis. The brains were stored in 10% neutral buffered formalin for up to 6 years before the initiation of this study. For each case, a block containing the hippocampus and the entorhinal and inferior temporal cortices at the anteroposterior level of the mammillary bodies and a block from the superior frontal cortex at the level of the midline crossing of the anterior commissure were taken and cryoprotected in 30% sucrose in 0.1 M Tris-HC1 buffer (pH 7.4). Sections of each block were cut at 50 pm on a Leitz CO2 freezing microtome. The sections were stored in 0.1 M Tris buffer until processed. Several 50-pm tissue sections from Cases AD1 and Control 3 were used in the work-up of the staining method. Tissue from controls and Cases AD3-AD8 were used to compare the reproducibility of the NiP method in additional cases. Ten-pm sections were cut from an archived paraffin-embedded block of the hippocampus and entorhinal cortex (Case AD4) which had been taken at 4 weeks' fixation for diagnostic evaluation.
The following procedure was used to demonstrate NETS, SPs, and NE. Before this procedure, the tissue received no other treatment after storage in 0.1 M Eis buffer.
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A 1:lOO dilution of ABC (Vector Laboratories; Burlingame, CA) was prepared according to the manufacturer's recommended procedure using 0.5% (w/v) nickel ammonium sulfate in 0.1 M Trk-HCI (NiTris) as the diluent. The ABC was prepared at least 1 hr (maximum 3 hr) before use. Free-floating sections were washed three times for 10 min in 50% alcohol, followed by pre-incubation in 0.3% H202 in 50% alcohol for 15 min.
Sections were rinsed in 0.1 M Tris, then incubated with gentle shaking in ABC-NiEis for 1 hr at room temperature. Sections were washed three times for 5 min in 0.05% NiTris then incubated for 5 min in filtered 0.03% DAB solution made up in 0.05% NiTris. Note that a lower NiTris concentration was used in this step to avoid overstained sections. 50 jd of 1% H202 in 0.1 M Tris was added for each 10 ml of DAB solution for 3-5 min with gentle shaking. Sections at this stage showed a deep purple coloration. Sections were washed in Zis buffer three times for 15 min, mounted on chromalum-gelatinized slides, dehydrated in graded alcohols, cleared in xylene, and coverslipped in neutral mounting medium (DPX Ajax Chemicals, Sydney, Australia). Several sections per case were stained with the Nip method, mounted on chromalum-gelatinized slides, and counterstained with acidic cresyl violet (0.5% in acetate buffer, pH 5.3).
The alteration of various steps served as negative controls. For preparing the NiEis at various concentrations, a stock 1% solution was prepared and diluted as required.
1. Sections were incubated in d i " ' g concentrations of ABC (1:200, 1:400, 1:800, 1:8000, 1:80,000, and no ABC). 2. Sections were incubated in various concentrations of nickel ammonium sulfate (0.5%, 0.2%. 0.04%. 0.02%. and 0%). 3. The pH of the Tris buffer was varied berwcen 6.8 and 7.9. 4. The ABC was replaced by peroxidase-conjugated anti-rabbit mouse IgG (Dako; Glostrup. Denmark) (1:200. 1:lOO. 1:50) in NiTris. 5. Sections wcrc incubated in normal hone scrum or 0.5% sodium azide in 0.1 hi Tris buffer before incubation in ABC. 6. Sections were incubated in a 1:lOO solution of biorinvlated horseradish peroxidue (ABC kit: Vector) in 0.5% NiTris in place of the ABC. Sevcnl sections per cue wcrc mounted on chromalum-gelatinized slides for silver staining. An adaptation of the modified Bielxhowskv method (8) was used to stain these sections. Slide-mounted IO-pm sections from paraffin-embedded tissue were deparaffinizcd and rehydrated through graded alcohols to distilled H20.
Sections were incubated in sevcral dilutions
The nickel-ARC protocol was then applied as described above. with the following exceptions: slides were set in a humidifving dish and reagents added to the sections dropwise. and incubation in Ni-ARC was reduced to 40 min. lighted against the uniform. pale background, and the laminar distribution of these structures in the Nip-stained sections was easily discerned. Staining was attenuated with decreasing concentrations of ABC ( Figures WID) . Labeling of the microvasculature was noted at lower concentrations of ABC, although staining was too indistinct to determine the cell type stained. One-hr incubation in ABC was sufficient for staining, although good results were obtained in 40min to 3-hr incubations. Incubations longer than 3 hr resulted in overstained and poorly differentiated tissue elements. NFTs. NTs, and SPs were also clearly demonstrated in 10-pm sections from paraffin-embedded tissue, although additional analysis is required before the use of the method in routine diagnosis.
Results
The
Strong labeling with clear morphological differentiation was achieved with Ni concentrations of 0.5% in the ABC incubation step (Figure 2A ). NFIs were labeled with lower concentrations of Ni, although the intensity was greatly diminished (Figures 2B and  2C) . The loss of NTand SP labeling preceded that of the NFI' labeling. However, SP cores were stained at Ni concentrations as low as 0.02% (Figures 2B-2D) . No staining was seen with ABC and DAB incubations in which Ni had been omitted. The intensity and presence of stainingwerc sensitive to buffer pH. The clearest labeling was noted with Tris pH 7.4. with staining of SP cores only at Tris pH 7.9, similar to the pattern in Figure 2D . Adequate staining was noted at Tris pH 6.8. Howcvcr, increased background discoloration decreased the clear differentiation seen at pH 7.4. It should be noted that the 0.5% NiTris (made up from Tris-HCI, pH 7.4) was at pH 6.9. Background staining did not appreciably increase with incubations up to 10 min in the H202/DAB solution, and much of the discoloration of the tissue was removed in post-washing of tissue and alcohol drying of mounted sections. Both normal hone serum and azide blocked specific staining of the tissue.
No specific staining was noted with the use of peroxidase-IgG. Instead, the sections were uniformly discolored a deep purple-gray or brown, with faint ddinition of neurons and smaller vascular RNCtures (i.e., those with diameters falling entirely within a 5O-pm scction). Likewise, uniform purple discoloration with no specific staining was obtained in sections incubated in biotinylared peroxidase. Plaques were faintly labeled with A-HRP, although there was considerable brown or purple-gray background at concentrations of A-HRP (1:lOOO) sufficient for plaque visualization. Plaques were not visible when higher dilutions of A-HRP were used. and 1:200 A-HRP yielded very high background staining. Therefore, adequate differentiation of these structures was not achieved. No NFTs were stained with the A-HRPsystcm; howcvcr. faintly discernible vascular and cellular outlines were noted as with peroxidase-lgG tests.
Using the NiP stain, SPs, "E. and N% were also clearly demonstrated in 50-pm sections from Cases ADZ-8 ( Figures 3A and 3B) . The distribution of these lesions varied among cases. although the three lesion types could be seen in each AD case examined. For example. the predomination of plaques in the superior frontal cortex of Cases AD2 and AD3 was apparent ( Figures 3A and 3B ). Both SP cores and halos were stained. and the absence of background rcvcaled an extensive distribution of diffuse SPs. A single NFT was detected in the cntorhinal cortex of control Case 1 and occasional SPs (2-3/scction) were seen in control Case 2. Isolated clusters of NFTs were found in Layer I1 of the entorhinal cortex of the 92-ycarold control case ( Figure 4C ). Other than these occasional examples of NFTs and SPs, no NiP staining was seen in the cortical sections of the control cases. The appearance and distribution of NFTs, SPS, and NTs in control and AD tissue were unrelated to post-mortem delay or length of time stored in formalin.
Staining of SPs, NTs, and NFTi with the Nip technique was compared to that of adjacent silver-stained sections (Figure 4 ). In the silver-stained AD sections, the " I s were stained with various intensities ( Figure 4B ). The labeling of "Is was more uniform in the NIP sections ( Figure 4D ). The NiP labeled cored and non-cored SPs and NFTs of various morphologies (Figures 4E and 4F) , and the NFTs, SPs and NTs stood out more clearly against the background. N'E were not obvious with the Garvey silver stain ( Figure  4B) , although other silver methods may label these structures more clearly (21) . In contrast to the silver-stained sections, no staining of cell nuclei or fibers was seen in the Nip-stained sections. A group of NF?s was found in Layer I1 entorhinal cortex in the silver-stained sections from control Case 3 ( Figure 4A) . These "Is were seen in an adjacent Nip-labeled section ( Figure 4C ). However, these abnormal structures were more easily detected in the latter due to the lower background and the absence of other staining of normal tissue elements. This selective staining of abnormal structures made counterstaining feasible. Cytoarchitectural detail and AD-type pathology was demonstrated simultaneously in the cresyl violetcounterstained sections. NFTs could be seen within the cytoplasm of many cells with a visible nucleolus, as well as free in the extracellular matrix. Intracellular NFTs often appeared to occupy the bulk of the cytoplasm and distended the cell shape, although the NFTs frequently consisted of a small fibrillary inclusion that did not disrupt the cellular morphology visible at the light microscopic level.
Discussion
The method presented here represents a novel technique for visualizing the lesions characteristic of AD and, as noted with increasing frequency, several other neurodegenerative disorders (11, 13, 14, 19, 21, 30) . With this protocol, NFTs, NTs, and SPs are uniformly and deeply stained with a black DAB-Ni reaction product. These abnormal structures are easily identified in Nip-stained histological sections, as no normal neuronal or glial elements are labeled. Consequently, non-demented control cases without NFTs, SPs, or NTs show no nickel-ABC staining at all, although the lesions typical of AD also found in aged controls (2, 9, 20) are labeled by the NIP method. Such a cluster of NFTs can found in the Nip-stained sections from Layer I1 entorhinal cortex of a 92-year-old non-demented control in the present study.
The NIP method yields reliable results for the range of postmortem delays (2-29 hr) and fixation times (4 weeks to 6 years) tested here, although its efficacy after longer times has not been dismissed. This feature is essential in research and diagnostic settings in which these variables cannot always be controlled. There is no subjectively controlled "development" step that might introduce variability into the results. Because the technique requires very little monitoring of the critical labeling steps, i.e., incubation in DAB/H202, staining is highly reproducible. The conditions that affect staining, such as ABC concentrations, buffer pH, and Ni concentrations, are easily regulated, and consistent staining can be achieved within a substantial range of these conditions.
The exact mechanism of staining has not been determined at this stage, and it is possible that an understanding of the technique could provide clues to the nature of the cellular processes that result in the formation of N F 5 and SPs. It is clear that the avidin-biotin-peroxidase complex plays a central role in labeling these structures. Staining is more intense at higher concentrations of ABC and attenuated at lower concentrations. Nevertheless, the requirement for ABC remains fairly robust, as staining is noted at very low concentrations. This indicates that the affinity of ABC for abnormal tissue elements is quite strong or, alternatively, that it works not by specific binding but as a mordant. The most effective concentration of ABC (1:IOO) is, incidentally, the concentration our laboratory uses in routine immunohistochemistry with specific antibodies. Although ABC is commonly used in immunohistochemistry, it should be stressed that no antibodies are employed in this method.
The absence of staining when sodium azide is present in the buffers before ABC incubation may indicate a direct involvement of peroxidase activity in the staining process, as azide is a potent inhibitor of peroxidase activity (31). No specific staining is achieved with the use of biotinor IgG-conjugated peroxidases, suggesting that the role of the ABC is not solely due to the peroxidase activity which results in the oxidation and precipitation of DAB-Ni complex. It appears likely that the NIP method exploits nonspecific avidin-binding activity, possibly by biotin, in the abnormal structures. This binding may be imperceptible with the use of the ABC detection system in routine immunohistochemistry, but the high nickel concentrations employed here may amplrfy the DAB-Ni complex sufficiently to be seen with light microscopy. Avidin is a basic glycoprotein that may bind cellular components nonspecifically because of electrostatic interactions (31). This binding may therefore be enhanced by the presence of Ni ions and lower buffer pH. In support of this hypothesis is the faint staining of SPs when A-HRP is substituted for the complete ABC, although the amplification of signal by the formation of the avidin-biotin complex may be necessary to achieve reasonably differentiated labeling. The lack of NFT staining with the A-HRP system, however, indicates that avidin binding is not a sufficient mechanism for staining. The hypothesized nonspecific binding of biotin to SPs and abnormal neuritic elements can be ruled out by the absence of labeling when biotinylated peroxidase is substituted for the ABC. Horse serum, which provides a competitive source of proteins that interfere with avidin-biotin conjugation (32), inhibits staining with the NiP protocol. These results together support a fundamental requirement for the full ABC complex.
Initially, the most attractive hypothesis for the mechanism of staining concerned the direct binding of Ni ions by abnormal cellular and extracellular elements. The obvious analogy with silver impregnation of AD-type pathological structures suggests that the Ni-DAB complex coats the same molecular species as silver. It was considered that staining might proceed through the initial "binding" of Ni to the tissue followed by intensification and amplification of Ni pools through oxidative polymerization with DAB such that they are visible by light microscopy. Yet normal tissue elements such as cell nuclei, which are normally quite argyrophilic, do not stain in the present method, although the suppression of these argyrophilic sites may have been aided by the pre-incubation in H202 (6). Nevertheless, the requirement for the complete ABC in the staining process cannot be explained by this view of Ni-DAB binding. Alternatively, staining of capillaries and plaque cores at very low concentrations of ABC may indicate affinity of these structures for the NI-DAB complex itself.
The present method was developed in the course of testing various antibodies in AD tissue. It was found that increasing the Ni concentration in a standard nickel enhancement procedure resulted in the slight but unexpected staining of particular abnormal tissue elements. A further increase in the Ni concentration, with the omission of all antibodies as a negative control, revealed the staining pattern described above. These findings have important implications for the evaluation of the results of immunohistochemical procedures and highlight the importance of proper use of negative controls. Because the peroxidase labeling of AD-type lesions is inhibited by the presence of azide and serum, negative controls should be run in tissue that has been washed free from these factors so that an accurate assessment of nonspecific binding can be made. Little or no staining was seen with the low nickel salt concentrations typically used in nickel-enhancement procedures for immunohistochemistry (i.e., 0.02-0.04%). Therefore, there are unlikely to be difficulties in the routine use of the ABC system. However, many groups report using nickel and cobalt salt concentrations of 0.5%. in excess of those with which we obtain clear staining without antibodies. Detailed reporting of negative controls should therefore be encouraged.
Several methods are available for staining AD pathology and improvements continue to be reported. For the present evaluation, a variation of the Bielschowsky silver stain was chosen both for its reliability and sensitivity in visualizing AD pathology (8,lO) and for its general familiarity. Although many diagnostic and research laboratories have adopted a variety of silver impregnation techniques, the Bielschowsky method is among the most commonly used diagnostic silver stains (28) and has compared favorably with other methods, including BA4 and tau immunohistochemistry, for detecting SPs and NFE (10, 27, 29) . Each of the various methods differs in the specificity, sensitivity and consistency with which it detects NTs, SPs, and NFTs. Abnormal fibers in the extracellular matrix (NT) are not well differentiated in many silver impregnations, including the Bielschowsky, although they are labeled in the Gallyas silver method (7) and with antibodies against tau (11, 16) and are detected by the nickel-ABC technique. Compared with silver impregnations, the absence of a subjectively controlled de-velopment step in the nickel-ABC protocol allows greater uniformity in staining. This feature is also an advantage of the thioflavin S stain, which selectively stains all three types of AD lesions with minimal labeling of normal cell elements. However, the need for bleaching autofluorescence in human neural tissue adds potential variability to results obtained with the thioflavin S stain, and the loss of fluorescent signal over time is a disadvantage when repeated viewing or extended storage is required. A clear benefit of the low background achieved with the NIP technique is that it allows counterstaining of sections for cytoarchitectural detail. A cresyl violet stain can be used to determine cell types containing NFTs or, alternatively, the intraor extracellular location of the NETS. Accordingly, quantitation of cells, NFTS, and SPs can be performed in the same section. Only a few silver methods [such as the methenamine silver method (24) and the Gallyas (7)] lend themselves to such subsequent tissue treatments. In addition, the ability to control staining of SPs and NFTs by varying conditions, as well as the high contrast of lesions against the background, supports computer quantitation in tissue processed with the nickel-ABC technique. Because the NIP method is suitable for processing many tissue sections per staining run with highly reproducible results, it may prove useful in research settings in which a large number of cases may be examined together.
It is not within the scope of this report to comment on the pathology of AD; however, it has been well documented that different staining protocols may result in the labeling of different amounts and types of lesions in histological sections from AD brain tissue (3, 5, 26, 27, 29, 33) . These differences may be great enough to affect the definitive diagnosis (3,5) and distort conclusions about the neuroanatomic distribution of lesions. In accord with numerous reports (1, 4, 15, 17, 18) , it is evident in the small number of cases presented here that plaques and tangles stained with the NiP predominate in different proportions in different brain regions and in different cases. Although standard diagnostic criteria for AD require a minimal number of plaques per cortical field (U), there is disagreement concerning the relative importance of NTs, NFTs, and SPs to indices of dementia. Indeed, the number of NFE may correlate more closely than SPs with the clinical profile (2, 5, 25) , and NTs have been associated with measures of dementia (16). A method that reliably and concurrently labels many types of pathology in a single section is essential for understanding the significance of NTs, SPs, and NFTs in AD and normal aging. The present method may therefore provide a research tool for examining these unresolved issues and, with further development, may be helpful refining current diagnostic criteria.
